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ABSTRACT
Approximately 10% of massive OBA main-sequence (MS) and pre-MS stars harbour
strong, large-scale magnetic fields. At the same time there is a dearth of magnetic
stars in close binaries. A process generating strong magnetic fields only in some stars
must be responsible with the merging of pre-MS and MS stars being suggested as one
such channel. Stars emerging from the coalescence of two MS stars are rejuvenated,
appearing younger than they are. They can therefore be identified by comparison
with reference clocks. Here we predict the rejuvenation of MS merger products over
a wide range of masses and binary configurations calibrated to smoothed-particle-
hydrodynamical merger models. We find that the rejuvenation is of the order of the
nuclear timescale and is strongest in the lowest-mass mergers and the most evolved
binary progenitors with the largest mass ratios. These predictions allow us to put
constraints on the binary progenitors of merger products. We show that the mag-
netic stars HR 2949 and τ Sco are younger than the potential binary companion
HR 2948 and the Upper-Sco association, respectively, making them promising merger
candidates. We find that the age discrepancies and the potential binary progenitors
of both are consistent with them being rejuvenated merger products, implying that
their magnetic fields may originate from this channel. Searching for age discrepancies
in magnetic stars is therefore a powerful way to explore which fraction of magnetic
stars may have obtained their strong magnetic field in MS mergers and to improve
our understanding of magnetism in massive stars and their remnants.
Key words: stars: general – binaries: general – blue stragglers – stars: individual:
τ Sco – stars: individual: HR 2949
1 INTRODUCTION
About 7–10% of main-sequence (MS) OBA stars host strong,
large-scale magnetic fields (e.g. Donati & Landstreet 2009;
Ferrario, Melatos & Zrake 2015; Fossati et al. 2015) and a
similar B-field incidence is found in pre-MS Herbig Ae/Be
stars (Wade et al. 2007; Alecian et al. 2013). Among these,
Babcock’s star (HD 215441), a chemically peculiar A0 star
with a surface polar magnetic field strength of 34 kG, is the
current record holder. The strong field pre-MS stars show
similar magnetic fluxes to those found in magnetic1 OBA
stars, indicating a common origin. Interestingly there is a
dearth of magnetic stars in close binaries, first noted by
? E-mail: fabian.schneider@physics.ox.ac.uk
1 In the following, we use the term “magnetic stars” for stars
with strong, large-scale surface magnetic fields. Sub-gauss surface
magnetic fields have now been observed as well in some stars (e.g.
Lignie`res et al. 2009; Petit et al. 2011) and may be ubiquitous.
Carrier et al. (2002) in Ap stars and now confirmed by the
BinaMIcS project in more massive OB stars: the magnetic
incidence in close, massive binaries is no more than about
2% (Neiner & Alecian 2013; Alecian et al. 2015; Neiner et al.
2015). As of today there is only one binary with a magnetic
field detection in both components, the eccentric (e = 0.27),
4.56 d B-star binary  Lupi (Shultz et al. 2015b).
The origin of these strong magnetic fields is still un-
known but from the rather low magnetic-star incidence of
the order of 10% it is clear that something special must have
happened to these stars. In the literature, three formation
channels are typically discussed: (i) strong B-fields inher-
ited from the star forming cloud (e.g. Mestel 2001; Moss
2001), (ii) a dynamo generating strong magnetic fields and
(iii) mergers of pre-MS and/or MS stars creating B fields
because of strong shear (Ferrario et al. 2009; Langer 2012,
2014; Wickramasinghe, Tout & Ferrario 2014). Scenarios (i)
and (ii) have difficulties explaining why only some stars show
c© 2015 The Authors
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strong, large-scale surface magnetic fields and not all of them
given that they formed from the same molecular cloud and
are governed by the same physical processes, respectively.
Neutron stars (NSs) and white dwarfs (WDs) also come
in a highly and a less magnetic group. There is the class
of highly magnetised neutron stars, so-called magnetars,
with inferred surface magnetic fields of about 1013–1015 G
(Olausen & Kaspi 2014) and the class of strong-field WDs,
among them the Polars, with surface magnetic fields in ex-
cess of 106 G. Liebert, Bergeron & Holberg (2003) find that
at least about 10% of WDs with B-field strengths greater
than about 2 MG are highly magnetic. Because of the sim-
ilar fractions of magnetic WDs and AB stars, Landstreet
(1992) propose that the magnetic AB stars may be the pro-
genitors of magnetic WDs.
No highly magnetic WD has been found in a detached
binary. Strong magnetic fields have only been found in WDs
in cataclysmic variables (Roche-lobe overflowing binaries)
and in some apparently single WDs (Tout et al. 2008). Based
on that, Tout et al. (2008) suggest that the strong mag-
netic fields in WDs are the result of a dynamo operating be-
cause of differential rotation and convection during common-
envelope evolution that (nearly) lead to a merger. In this pic-
ture near mergers give rise to magnetic cataclysmic variables
and complete mergers to highly magnetised single WDs. Fol-
lowing the work of Tout et al. (2008), Wickramasinghe et al.
(2014) propose an Ω dynamo2 that generates magnetic fields
from differential rotation that could act during common-
envelope evolution and in mergers. Wickramasinghe et al.
(2014) further find that the magnetic flux per unit mass in
highly magnetised WDs is similar to that of magnetic OBA
stars and therefore suggest that the magnetic fields in strong
field WDs and OBA stars may have both been generated by
similar processes.
A scenario accounting for the observations mentioned
above is that magnetic stars are produced by mergers of pre-
MS and MS stars. Mergers can naturally explain why only a
fraction of stars have strong, large-scale magnetic fields (e.g.
de Mink et al. 2014 predict that about 8% of all massive MS
stars are merger products), why the magnetic field charac-
teristics of magnetic pre-MS stars, MS stars and strong field
WDs are so similar and why there is a dearth of magnetic
MS stars in close binaries. The merging can occur during
the pre-MS by, e.g., tidal interaction with circumstellar ma-
terial (Stahler 2010; Korntreff, Kaczmarek & Pfalzner 2012)
as well as during the MS by, e.g., binary star evolution (e.g.
Podsiadlowski, Joss & Hsu 1992; Langer 2012).
Main-sequence merger products are hard to distinguish
from genuine single stars because their internal structure ad-
justs to the new mass such that it may be quite similar to
that of single stars. However, mergers may show surface en-
hancements of hydrogen-burning products such as nitrogen
and helium, they may be rapid rotators if not spun down
efficiently, e.g. by magnetic fields coupled to outflows, and
there may be circumstellar material ejected prior to and/or
during the merger process. More importantly, MS merger
2 Strictly speaking, this is not a pure Ω dynamo because Wickra-
masinghe et al. (2014) introduce an artificial mechanism that gen-
erates a poloidal field component from the decay of the toroidal
component.
products will be rejuvenated (e.g. Hellings 1983; Podsiad-
lowski et al. 1992; Braun & Langer 1995; Dray & Tout 2007),
i.e. they will appear younger than other stars that formed
at the same time such as other cluster members or binary
companions (e.g. van Bever & Vanbeveren 1998; Schneider
et al. 2014b). Pre-MS mergers will not rejuvenate and will
not show hydrogen-burning products on their surface. Ap-
parent age discrepancies are therefore strong hints towards
a MS merger origin of some magnetic stars and may further
allow us to estimate the fraction of stars that obtained their
strong magnetic field in MS mergers.
Age discrepancies have recently been reported in two
magnetic stars. In the HR 2949 and 2948 visual binary, the
more massive and magnetic star HR 2949 is found to be
younger than the non-magnetic, potential binary compan-
ion HR 2948 (Shultz et al. 2015a). Also, the magnetic star
τ Sco appears to be significantly younger than the Upper
Scorpius association of which it is a proper motion member
(Nieva & Przybilla 2014). Triggered by these findings, we
investigate whether the merger hypothesis is able to explain
the observed age spreads. To that end, we explore the reju-
venation of MS mergers (Sec. 2) and apply our findings to
HR 2949 and τ Sco (Sec. 3). We show that both stars may
indeed be the products of MS mergers and put constraints
on their progenitor systems. We discuss our results and fur-
ther testable predictions of the merger hypothesis in Sec. 4,
and summarize our conclusions in Sec. 5.
2 REJUVENATION OF MERGER PRODUCTS
We define the age of a star as the time that has passed since
core hydrogen ignition (zero-age MS; ZAMS). A rejuvenated
star is a star whose appearance suggests an apparent age
that is younger than its real age. Rejuvenation can therefore
only be defined with respect to a comparison clock.
The merging of pre-MS stars leads to merger products
that reach the ZAMS at different times compared to pre-MS
genuine single stars of the same mass. The merger products
may reach the ZAMS earlier because of the decreased con-
traction timescale due to the increased mass but it can also
reach the ZAMS later because of the additional orbital en-
ergy that has to be radiated away before the core heats up
enough to start hydrogen burning. The delay is, in any case,
of the order of the thermal timescale and therefore practi-
cally undetectable.
In MS mergers the rejuvenation is of the order of the
nuclear timescale and hence detectable. In the following, we
predict the rejuvenation and hence apparent age differences
of MS merger products to pave the way for the identification
of MS mergers by apparent age discrepancies. To that end,
we extend the approach of Glebbeek & Pols (2008) by also
taking stellar wind mass loss into account which is important
in massive stars. We assume that the average hydrogen mass
fraction,
〈X〉 = 1
M
∫ M
0
X(m) dm = (1−Qcf)X0, (1)
decreases linearly with time from its initial value of
〈X〉ZAMS = X0 to its final value of 〈X〉TAMS at the terminal-
age MS (TAMS). In Eqs. (1), M is the total mass and m the
mass coordinate, and we have defined the fractional MS age
MNRAS 000, 1–12 (2015)
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f = t/τMS (with t being the age and τMS the MS lifetime of
a star) and the effective core mass fraction,
Qc =
〈X〉ZAMS − 〈X〉TAMS
〈X〉ZAMS
=
X0 − 〈X〉TAMS
X0
. (2)
In an ideal situation, i.e. no wind mass loss, no receding
convective cores during the course of the MS evolution, no
additional mixing etc., the above defined effective core mass
fraction gives Qc = Mc/M for massive stars with convective
cores of mass Mc. In non-ideal cases such as those encoun-
tered in this work, Eq. 2 gives the relative difference between
the average initial and end-of-MS hydrogen mass fractions
which can be viewed as an effective core mass fraction (for
simplicity we call Qc the effective (convective) core mass
fraction from here on). The big advantage of this definition
is that it can also be applied to stars with radiative cores
and it properly accounts for stellar wind mass loss, addi-
tional mixing, receding convective cores etc.
We further assume that the stellar mass, M , decreases
linearly with time because of winds,
M = (1−Qmf)Mini. (3)
In the last equation, Mini is the initial mass of a star and
Qm the fraction of mass lost on the MS,
Qm =
Mini −MTAMS
Mini
(4)
with MTAMS being the mass of a star at the TAMS.
As Glebbeek & Pols (2008), we assume that a fraction
φ of the total mass of a binary is lost in the merging process
and that the composition of the lost material is the same as
the initial composition. The latter assumption breaks down
if those parts of stars lost in the merger process are already
enriched in hydrogen-burning products, e.g., by stellar wind
mass loss or rotational mixing. From head-on collisions of
massive MS stars, Glebbeek et al. (2013) find φ = 0.3q/(1 +
q)2 with q = M2/M1 being the mass ratio and M1 and M2
the masses of the primary and secondary star at the time of
the merging, respectively. The mass of the merger product
is then M = (1− φ)(M1 +M2).
Using the above definitions and assumptions, the av-
erage hydrogen mass fraction of the merger product, 〈X〉,
follows from M 〈X〉 = M1 〈X〉1 +M2 〈X〉2−φ(M1 +M2)X0,
〈X〉
X0
=
(1−Qm,1f1)(1−Qc,1f1 − φ)
(1− φ) [(1−Qm,1f1) + (1−Qm,2f2)q]
+
(1−Qm,2f2)(1−Qc,2f2 − φ)q
(1− φ) [(1−Qm,1f1) + (1−Qm,2f2)q] . (5)
The indices 1 and 2 refer to the primary and secondary star,
respectively. The apparent fractional MS age of the merger
product, fapp, is then related to the fractional MS age, fi,
of a genuine single star of initial mass Mi that has the same
mass (M = (1 − Qm,ifi)Mi) and average hydrogen mass
fraction (〈X〉 = (1 − Qc,ifi)X0) as the merger product. In-
troducing the parameter α that accounts for potential extra
mixing of fresh fuel into the core of the merger product (see
also Glebbeek & Pols 2008), we find for the apparent frac-
tional MS age
fapp =
fi
α
=
1− 〈X〉 /X0
αQc,i
. (6)
In case of negligible stellar wind mass loss, i.e. Qm,1 =
Qm,2 = Qm,i ≈ 0, we recover the average hydrogen mass
fraction and the apparent fractional MS age of the merger
products of Glebbeek & Pols (2008),
〈X〉
X0
= 1− 1
1− φ
Qc,1f1 +Qc,2f2q
1 + q
, (7)
fapp =
1
αQc(M)
1
1− φ
Qc,1f1 +Qc,2f2q
1 + q
. (8)
Glebbeek & Pols (2008) and Glebbeek et al. (2013) con-
duct smoothed-particle hydrodynamical (SPH) simulations
of head-on collisions of massive MS stars and calibrate the
extra mixing parameter α. To that end they import the
structure of their SPH merger products into a 1D stellar
evolutionary code and determine the remaining MS lifetime
of the merged stars, tMS = τMS(1 − fapp). Knowing tMS
from the evolution of the SPH merger products, Glebbeek
& Pols (2008) infer a mixing parameter of α = 1.67 for low-
mass mergers (less than 1.2 M) and Glebbeek et al. (2013)
α = 1.14 for high-mass mergers (5–40 M) at solar metal-
licity. We adopt α = 1.14 for our rejuvenation prescriptions
of high-mass MS mergers.
In order to understand the basic behaviour of rejuve-
nation, it is instructive to consider the case of equal-mass
mergers with negligible wind mass loss (M1 = M2, q = 1,
f1 = f2 = f and Qm,1 = Qm,2 = Qm,i = 0). Equation (8)
then reads
fapp
f
=
1
1− φ ·
Qc(M1)
αQc(M)
. (9)
This equation shows that rejuvenation is the stronger the
lower the fraction of lost mass, φ, the larger the increase
of the effective core mass fraction, Qc(M)/Qc(M1), and the
larger the mixing into the core, α. Equation (9) further il-
lustrates that the absolute rejuvenation, ∆f = f−fapp ∝ f ,
is larger in more evolved mergers.
Physically, an equal-mass merger at f = 1, i.e. a merger
of two stars with pure helium cores, only rejuvenates by the
additional mixing of fresh fuel into the newly formed core.
However, the detailed merger simulations of Glebbeek et al.
(2013) show the formation of a thick hydrogen-burning shell
around the inert helium cores that burns hydrogen for a
significant fraction of time: the merger of a 20.0 + 19.8 M
binary at core hydrogen exhaustion of the primary produces
a merger product that burns hydrogen in a thick shell for ap-
proximately 1.4 Myr, a duration that corresponds to about
18% of the MS lifetime of the former primary star. This
phase of thick hydrogen shell burning takes place in the blue
part of the Hertzsprung–Russell (HR) diagram where gen-
uine single stars undergo core hydrogen burning and Eqs. (6)
and (8) still give a good approximation to the remaining
hydrogen-burning time for such merger products (Glebbeek
et al. 2013). However, the evolutionary track of such merger
products in the HR diagram do no longer resemble those of
single stars. The internal structure does not adjust to that
of a single star with the same mass and the apparent age
inferred for such merger products from their position, e.g.,
in the HR diagram might be different from what we can
predict from the above simplified model (see also Sec. 2.2).
Let treal = f1τMS(M1) = f2τMS(M2) be the real and
tapp = fappτMS(M) the apparent age of the merger. The ab-
solute amount by which the merger apparently rejuvenates,
MNRAS 000, 1–12 (2015)
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Figure 1. Cartoons illustrating the two contributions to the overall rejuvenation in the case of equal-mass mergers with no mass loss.
Stars rejuvenate because of (1) the mixing of fresh fuel into the core and (2) shorter lifetimes connected with more massive stars (not
to scale; see main text for details). In (a) we depict the real rejuvenation in a 10 + 10 M merger, i.e. the reduction of the core helium
mass fraction Yc. Convective cores are indicated by the grey shaded regions. The parameter α describes the extra-mixing that occurs
during the merger process. The real rejuvenation is stronger in more massive stars because they have larger effective convective cores,
Qc, and in older stars because they have larger core helium mass fractions. In (b) we show the overall rejuvenation in the fractional-
MS-age vs. stellar-mass plane for mergers of 5 + 5 M and 20 + 20 M for the cases of rejuvenating (∆f = f − fapp > 0; blue arrows)
and not rejuvenating (∆f = 0; red arrows) the cores of the merger products. The overall rejuvenation, ∆t = treal − tapp, is at least
∆t = f [τMS(M)− τMS(2M)] = f∆τMS (no real rejuvenation), i.e. it is of the order of the nuclear timescale of stars. Also, the overall
rejuvenation is stronger in relatively older stars (larger fractional MS ages f) and in lower-mass stars (larger MS-lifetime differences
∆τMS). In terms of mass ratios q = M2/M1, rejuvenation tends towards zero for very low-mass companions.
Table 1. Initial mass Mini, TAMS mass MTAMS, effective con-
vective core mass fraction Qc and MS lifetime τMS of Brott et al.
(2011a) solar-metallicity stellar models used to compute the re-
juvenation of merger products.
Mini/M MTAMS/M Qc τMS/Myr
3.0 3.0 0.23 340.4
5.0 5.0 0.26 97.5
10.0 9.9 0.33 23.2
20.0 19.3 0.45 8.5
40.0 32.9 0.67 4.5
50.0 33.6 0.86 3.9
60.0 39.5 0.88 3.5
80.0 45.2 0.96 3.1
100.0 49.4 0.98 2.8
∆t = treal − tapp, is then given by
∆t = f1τMS(M1)− fappτMS(M), (10)
and the relative amount by
∆t
treal
= 1− fapp
f1
τMS(M)
τMS(M1)
. (11)
Equation (11) demonstrates that the rejuvenation of MS
mergers is of the order of the real age of the merger, i.e.
of the order of the nuclear timescale of stars, and further
shows the two different contributions to the overall rejuve-
nation (see also Fig. 1). The first factor, fapp/f1, describes
the real rejuvenation in terms of the mixing of fresh fuel into
the core of the merger product whereas the second factor,
τMS(M)/τMS(M1), describes the apparent rejuvenation be-
cause of the shorter lifetimes associated with more massive
stars (τMS(M) < τMS(M1) because M > M1).
We now use the solar-metallicity (X0 = 0.72739) stellar
models of Brott et al. (2011a) to compute the rejuvenation of
binary mergers. In Tab. 1, we provide the initial and TAMS
masses, the MS lifetimes and the effective convective core
masses of these models. Within this table, we interpolate
linearly in mass to obtain MTAMS and Qc, and logarithmi-
cally in mass to get τMS. With these data and interpolations
we map the rejuvenation, ∆t/τMS, as a function of primary
and secondary mass for fractional MS ages of the primary
star of f1 ≡ f = 0.2, 0.5 and 0.8 in Fig. 2 and as a function
of primary mass and fractional MS age for a fixed mass ratio
of q = 1 in Fig. 3. The MS lifetimes of the primary stars,
τMS, are indicated on the upper x-axes of Figs. 2 and 3 from
which the time of the merger follows as tmerger = fτMS. At
the time of the merger, the primary star fills its Roche lobe.
Approximating the Roche lobe radius RL by
RL
a
= 0.44
q−1/3
(1 + q−1)1/5
for 0.1 ≤ q−1 ≤ 10 (12)
(Eggleton 2006) with a being the orbital separation, we find
for the orbital period, Porb,(
1 +
M1
M2
)1/5
Porb = 2pi
√
R3L
GM10.443
, (13)
where G is the gravitational constant. Note that M1 and
M2 are present-day masses. From further interpolations of
stellar radii, we compute the orbital periods of the merg-
ing binaries following Eq. (13). Because (1 + M1/M2)
1/5 is
a weak function of the mass ratio (approximately 1.15 for
M1 = M2 and 1.62 for M1 = 10M2), the orbital periods
given on the second top x-axis in Fig. 2 are close to the
orbital periods of the binaries at the time of the merger.
As already discussed above and illustrated in Fig. 1,
the overall rejuvenation is stronger in more evolved stars
(cf. Fig. 3 and Eq. 9). For fixed fractional MS ages, the re-
juvenation is more in binaries with larger mass ratios, i.e.
MNRAS 000, 1–12 (2015)
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Figure 2. Apparent rejuvenation, ∆t/τMS, as a function of initial
primary mass, Mi,1, and secondary mass, Mi,2, for three different
merger times: the stars merge at a fractional MS age of (a) f =
0.2, (b) f = 0.5 and (c) f = 0.8 of the primary star. The upper
two x-axes indicate the MS lifetime of the primary star, τMS, and
the orbital period, Porb, of the binary at the time of the merger.
The orbital periods depend slightly on the present-day mass ratio
of the binary.
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Figure 3. Apparent rejuvenation, ∆t/τMS, as a function of the
initial mass, Mi,1, and fractional MS age of the primary star. The
initial mass ratio qi = Mi,2/Mi,1 is set to 1. The top x-axis gives
the MS lifetime of the primary stars from which the time of the
merger follows as tmerger = f · τMS.
in more massive binaries, mainly because of shorter life-
times associated with more massive mergers. Fixing the
fractional MS age and the mass ratio (e.g. dashed diago-
nal lines for equal-mass mergers in Fig. 2), the overall re-
juvenation is more in less massive binaries. For example,
in a 3 + 3 M merger at f = 0.5, fapp/f1 = 0.82 and
τMS(M)/τMS(M1) = 0.23 whereas for a 30 + 30 M merger
fapp/f1 = 0.60 and τMS(M)/τMS(M1) = 0.60. The real reju-
venation, the mixing of fresh fuel into the core of the merger
product, is greater in more massive stars (smaller fapp/f1
values) because Qc increases more steeply with mass at high
masses than at low masses (cf. Eq. 9 and Tab. 1). The
overall apparent rejuvenation, however, is more in lower-
mass stars (smaller τMS(M)/τMS(M1) values) because of the
larger mass-luminosity exponent and hence larger differences
in MS lifetimes.
From Fig. 3 we can infer the age of the apparently
youngest merger product in coeval star clusters of various
ages. The apparently youngest and at the same time one of
the most massive merger products stems from equal-mass
mergers at f ≈ 1. In a 3.9 Myr star cluster, the age of the
apparently youngest merger product is about 1.9 Myr and
in a 340 Myr star cluster it is about 68 Myr. These numbers
are comparable to those found by Schneider et al. (2015) and
highlight that binary products can look significantly younger
than they really are, potentially biasing inferred cluster ages
towards too young ages when neglecting that the most mas-
sive and hence most luminous stars are likely products of
binary mass transfer (Schneider et al. 2014b, 2015).
2.1 Model uncertainties
Our rejuvenation model has essentially two physical param-
eters, the mixing parameter α and the fraction of mass
lost in a merger φ, and further three parameters set by
the stellar models, the fraction of mass lost on the MS
Qm, the effective core mass fraction Qc and the MS life-
time τMS. We varied these parameters and report the devia-
tions of the rejuvenation with respect to our standard model,
MNRAS 000, 1–12 (2015)
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Table 2. Uncertainties in the amount of rejuvenation because of
uncertainties in the mixing parameter α, the fraction of mass
lost in a merger φ, the fraction of mass lost by stellar winds
Qm and switching wind mass losses totally off, Qm = 0.0. Tab-
ulated values are relative deviations from our standard model
([∆tstandard − ∆t]/∆tstandard) with negative deviations indicat-
ing more rejuvenation and positive less. The quoted numbers are
for f = 0.8.
M1 = 3 M 10 M 50 M
q = 1.0 0.2 1.0 0.2 1.0 0.2
α+ 0.2 −4% – −6% −21% −17% −31%
α = 1.0 +3% – +6% +20% +16% +28%
φ · 2 +8% – +12% +20% +12% +17%
φ/2 −3% – −5% −9% −6% −8%
Qm · 1.2 ±0% – ±0% ±0% −12% −2%
Qm · 0.8 ±0% – ±0% ±0% +7% +2%
Qm = 0 ±0% – +1% +1% +18% +9%
(∆tstandard−∆t)/∆tstandard, in Tab. 2. Varying the effective
core mass fraction by a factor that is independent of mass
will not affect the rejuvenation in our models (see Eqs. 5, 6
and 8). Any mass-independent change of the MS lifetime will
linearly affect the rejuvenation for fixed fractional MS ages
(see Eq. 10): prolonging MS lifetimes by, e.g., 10%, leads to
10% increases of the rejuvenation and vice versa. Overall the
deviations are of the order of 10–20% and in general larger
for higher-mass binaries.
In low-mass stars (less than about 1.2 M) the mixing
parameter α is 1.67 (Glebbeek & Pols 2008) whereas it is
1.14 in high-mass stars (Glebbeek et al. 2013). Increasing
(decreasing) the mixing parameter results in more (less) re-
juvenation. Setting α = 1.0 corresponds to no mixing of
fresh fuel into the core of the merger product. There is a
mass dependence in the deviations because the mixing pa-
rameter always assumes that a fraction of the effective core
mass is mixed into the core as fresh fuel. Hence the absolute
amount of mixed fresh fuel is larger for more massive stars
because they have larger convective cores.
The SPH simulations of Glebbeek et al. (2013) are head-
on collisions. On the one hand, one may expect less mass loss
in more gentle mergers of orbiting stars but, on the other
hand, there is a lot of orbital angular momentum that may
make the merged star rotate rapidly, thereby enhancing mass
loss. Increasing (decreasing) the fraction of mass lost by a
factor of 2 reduces (enhances) the rejuvenation. Modifying
the total mass of the merger product affects the rejuvenation
in two ways: (i) it influences the rejuvenation directly via
changing φ in Eqs. (5) and (8) and (ii) indirectly via changes
in the effective convective core sizes and the MS lifetimes.
Overall the changes are such that the rejuvenation varies
more in higher-mass binaries.
Stellar-wind mass-loss rates are uncertain. Increasing
(decreasing) the fraction of mass lost during the MS evo-
lution leads to more (less) rejuvenation because the initial
mass of the genuine single star that matches the mass of
the merger product and the average hydrogen mass frac-
tion is larger (smaller) for more (less) mass lost and the
corresponding MS lifetimes are hence shorter (longer). En-
hancing/reducing the mass loss by 20% mainly affects the
most massive binaries. Also the deviations from our standard
model are smaller for younger fractional MS ages. Switching
wind mass loss totally off (Qm = 0) reduces the rejuvena-
tion by at most 20% for the most massive binaries consid-
ered here and leaves the rejuvenation nearly unchanged in
intermediate-mass binaries (approximately 10 M).
2.2 Systematic uncertainties
The age differences of our model relate to the available fuel
in the cores of stars. This age difference is not the same
an observer might infer from the surface properties of stars.
This can cause systematic differences between the predicted
rejuvenation of our models and that inferred from observa-
tions. Such differences are expected to be larger if the inter-
nal structure of merged stars deviate significantly from that
of genuine single stars of the same mass. In the models of
Glebbeek et al. (2013) this applies to mergers of stars near
the end of core hydrogen burning that undergo a phase of
thick hydrogen shell burning.
Generally, merger products have larger average mean
molecular weights, µ, and are therefore over-luminous and
have larger radii (hence smaller surface gravities) compared
to genuine single stars of the same mass (e.g. see Fig. 7 in
Glebbeek et al. 2013). Thus we expect that apparent ages in-
ferred from comparing the positions of mergers to single-star
models in HR diagrams are younger than what our models
predict because of shorter MS lifetimes associated with more
luminous stars. In contrast, we expect older apparent ages
when comparing mergers to single-star models in the so-
called Kiel diagram (effective temperature vs. surface grav-
ity diagram) because of older ages associated with stars of
smaller gravities. Inferring ages by matching effective tem-
peratures, luminosities and surface gravities simultaneously
to stellar models may cancel some of the biases.
2.3 Inferring merger progenitor properties
The rejuvenation derived in this work can be used to put
constraints on pre-merger binaries if the apparent age dis-
crepancy of merger candidates with respect to comparison
clocks, e.g. the age of a host star cluster, is known from ob-
servations. Imagine there is an apparently single star with
an inferred mass of 18.4 M and an apparent age of 8.3 Myr
in an otherwise coeval star cluster of 16.6 Myr. The age of
the star cluster implies that the merger must have happened
at tmerger < 16.6 Myr. The mass of the merger candidate re-
stricts the potential mass range of pre-merger binaries and
the observed apparent age discrepancy can then be used to
determine the mass ratio and the time when the merger
occurred. In this example, a 10 + 10 M merger at an age
of tmerger = 11.6 Myr (f1 = 0.5) leaves a merger product
of 18.4 M that looks younger by 8.3 Myr than it really is.
From the potential binary masses and the time when the
merger occurred, we can further determine the orbital pe-
riod of the pre-merger binary as Porb = 1.23 days. The pre-
merger binary configuration can then be compared to binary
models to check whether such a binary is indeed expected to
merge. According to the models of Schneider et al. (2015),
a binary composed of two 10 M stars in a 1.23 days orbit
(a = 13 R) will indeed merge.
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Generally speaking, the problem is to constrain four
parameters, the primary and secondary mass, the orbital
period and the time when the merger occurred, from three
observables, the inferred mass and apparent and real age of
the merger product. This is obviously a degenerate situa-
tion where no unique solution exists unless in special cases
where it is possible to, e.g., obtain the time of the merger
from the expansion age of a shell that was ejected in the
merger process. Although it is generally not possible to find
a unique solution, one can use statistics and additional prior
knowledge such as distribution functions of, e.g., binary pe-
riods and mass ratios to evaluate the likelihood of different
merger progenitors. In some cases this may allow us to ex-
clude significant parts of the parameter space.
3 MAGNETIC MERGER CANDIDATES
The procedure of constraining pre-merger binaries relies on
accurate and reliable merger models, and precise age and
mass determinations of the merger candidate and the com-
parison clock. We now apply this new technique to the
magnetic merger candidates HR 2949 (Sec. 3.1) and τ Sco
(Sec. 3.2).
3.1 HR 2949
HR 2949 and HR 2948 form a visual pair of B-type stars at a
Hipparcos distance of 139+24−18 pc (van Leeuwen 2007), sepa-
rated by 7.3 arcsec on the sky with radial velocities identical
within their error bars (Shultz et al. 2015a). If the two stars
were to form a binary system, their orbital separation would
be larger than 2 × 105 R. Shultz et al. (2015a) argue that
HR 2948 and HR 2949 may not be gravitationally bound be-
cause their relative proper motions are too large, rather sug-
gesting a chance superposition. However they caution that
their analysis is not fully conclusive because of the proper
motion uncertainties. If HR 2948 and HR 2949 were to form
a gravitationally bound binary, they would share the same
age. But even if they are not gravitationally bound, their
proximity on the sky and similar radial velocities suggest
that they at least formed together in the same star-forming
cloud and may therefore also share the same age. In the
following, we assume that both stars are born at the same
time either in a gravitationally-bound multiple system or in
a star cluster/association.
The more luminous and more massive star, HR 2949, is
a He-weak B3p IV star with a detected surface magnetic field
ofBp = 2.4
+0.3
−0.2 kG (Shultz et al. 2015a). Shultz et al. (2015a)
further report that HR 2949 appears to be about 100 Myr
younger than the non-magnetic companion, HR 2948. The
ages in Shultz et al. (2015a) have been determined by com-
paring the positions of HR 2949 and HR 2948 in the HR dia-
gram to stellar models of Ekstro¨m et al. (2012). However, the
isochrones in their HR diagram (Fig. 4 of Shultz et al. 2015a)
have been mislabelled (and the provided age uncertainties
have been underestimated), requiring a re-determination of
the stellar ages. Correctly labelling their isochrones, we find
that the 1σ error bars of HR 2949 extend from the 10 to
the 30 Myr isochrone and those of HR 2948 from the 60 to
the 100 Myr isochrone. Thus HR 2949 indeed appears to be
50–90% younger than HR 2948.
In order to quantify the age discrepancy including ro-
bust error bars, we use the Bayesian tool Bonnsai3 (Schnei-
der et al. 2014a). We simultaneously match the observed lu-
minosities, effective temperatures, surface gravities and pro-
jected rotational velocities derived by Shultz et al. (2015a)
to the stellar models of Brott et al. (2011a) to determine
the masses and ages of HR 2949 and HR 2948. We assume
a Salpeter initial mass function (Salpeter 1955) as initial
mass prior, a Gaussian with mean of 100 and FWHM of
250 km s−1 as initial rotational velocity prior (cf. Hunter
et al. 2008a), a uniform prior in age and that the rotation
axes are randomly oriented in space. We find initial (and
present-day) masses of 5.8+0.4−0.2 and 4.0
+0.4
−0.3 M, and ages
of 27.2+7.9−11.1 and 59.8
+29.2
−32.2 Myr for HR 2949 and HR 2948,
respectively. From the full age posterior probability dis-
tributions of the two stars, we find an age difference of
35.0+31.3−32.6 Myr, which means that HR 2949 appears to be
younger than HR 2948 with a confidence of 87.8%.
Taking this age discrepancy at face value, we investi-
gate a potential merger origin of HR 2949 (see Sec. 2.3).
In this scenario, the HR 2949 system was a triple-star sys-
tem in which the inner binary merged. The inferred mass of
HD 2949 requires the merger to leave a remnant of about
5.8 M. Mergers of 3 + 3 M, 4 + 3 M and 5 + 2 M stars
may produce the observed mass of HR 2949 and we plot the
predicted rejuvenation of such merger products as a func-
tion of the time of the merger in Fig. 4. Within our models,
the apparent rejuvenation is a linear function of the (frac-
tional MS) age when the two stars merge (see Eq. 8 and
recall that f2 = f1τMS(M1)/τMS(M2)). We indicate the 1σ
range of the real age of the merger, the age of the com-
parison clock HR 2948, by the shaded region in Fig. 4 and
highlight the inferred age difference of HR 2949 with respect
to the comparison clock by the hatched area4. The inferred
age difference depends on the real age and varies within the
1σ uncertainty of the age of the merger candidate HR 2949.
Our merger models are able to explain the observables if they
predict an age difference that is larger than the lower bound
of the inferred age differences, i.e. if they cross or are above
the lower bound at any time younger than the real age of
the HR 2949 system (younger than 89 Myr). In the present
case all considered merger models provide the right merger
remnant mass and apparent age difference when merging at
ages younger than 89 Myr.
Predicting the right amount of rejuvenation and post-
merger mass within a certain time window is a necessary but
not sufficient condition to explain HR 2949 by a MS merger
induced by binary evolution. Depending on the initial mass
ratio and orbital period, Roche-lobe overflow (RLOF) ini-
tiated during the MS evolution of the more massive donor
star may lead to stable mass transfer and not a merger. The
oldest possible merger time to explain the observed rejuve-
nation in case of the considered 3 + 3, 4 + 3 and 5 + 2 M
binaries is 89 Myr. This translates into maximum orbital pe-
riods of 0.64, 0.91 and 2.20 days, respectively, to explain all
3 The Bonnsai web service is available at http://www.astro.uni-
bonn.de/stars/bonnsai.
4 We note that the outermost corners of the hatched area are not
within 1σ of the observed ages of HR 2949 and HR 2948 and that
a proper 1σ contour has an elliptical shape. For clarity we do not
show the proper 1σ contour here.
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Figure 4. Apparent rejuvenation, ∆t, as a function of the time
when the merger occurred, t. Shown are models for 3 + 3 M,
4 + 3 M and 5 + 2 M mergers. The vertical dashed line is the
age determined for HR 2948, i.e. the presumed real age of the
HR 2949 and HR 2948 pair, and the shaded region indicates the
corresponding 1σ area. The hatched area shows the approximately
1σ region of the inferred age discrepancy, i.e. the apparent rejuve-
nation (note that the proper 1σ area has an elliptical shape and
is not shown here for clarity).
observations with such binaries (cf. Sec. 2 and Eq. 13). Ac-
cording to the binary models of Schneider et al. (2015) all
considered binaries indeed merge. The 5 + 2 M binaries
merge because of the small mass ratio of 0.4 and the 3 + 3
and 4 + 3 M binaries because both stars are going to over-
fill their Roche lobes as a result of stellar expansion on a
nuclear timescale, leading to a contact phase and a subse-
quent merger. We therefore conclude that the properties of
HR 2949 are consistent with being a merger product.
3.2 τ Sco
τ Sco is a bright, magnetic B0.2 V star, adjacent in the night
sky to the red supergiant Antares in the zodiacal constella-
tion of Scorpius. It is a proper motion member of the Upper
Scorpius association for which Pecaut, Mamajek & Bubar
(2012) estimate an age of 11 ± 1(stat.) ± 2(sys) Myr. Do-
nati et al. (2006) find a surface magnetic field strength of
τ Sco of about 0.5 kG and a surprising complex magnetic
field configuration for hot stars. Because τ Sco was consid-
ered a spectral standard for B0 V stars (Morgan & Keenan
1973), many authors determined atmospheric and sometimes
also fundamental parameters of τ Sco (e.g. Kilian et al. 1991;
Mokiem et al. 2005; Simo´n-Dı´az et al. 2006; Hubrig et al.
2008b; Pecaut et al. 2012; Nieva & Przybilla 2014). Nieva &
Przybilla (2014) note that the inferred apparent age of τ Sco
does not coincide with that of the Upper Sco association and
suggest that τ Sco may be a merger product.
Analogously to Sec. 3.1, we use the Bayesian code
Bonnsai (Schneider et al. 2014a) to determine the mass
and age of τ Sco including robust error bars by matching
observed effective temperatures, surface gravities, luminosi-
ties and projected rotational velocities simultaneously to the
stellar models of Brott et al. (2011a). The choice of priors
is the same as in Sec. 3.1. We use three sets of observables,
those of Mokiem et al. (2005, M05), Simo´n-Dı´az et al. (2006,
SD06) and Nieva & Przybilla (2014, NP14), and summarize
Table 3. Stellar parameters of τ Sco. Effective temperatures Teff ,
surface gravites log g, luminosities logL/L and projected equa-
torial rotational velocities v sin i are from Mokiem et al. (2005,
M05), Simo´n-Dı´az et al. (2006, SD06) and Nieva & Przybilla
(2014, NP14). The ages and masses are derived using Bonnsai
applying the same stellar models and priors as for the HR 2949
system in Sec. 3.1. The inferred initial and present-day masses,
M , are the same. The age difference to that of Upper Sco, ∆t,
and the probability p that the age difference is greater than zero
are computed using the full posterior distributions of the inferred
stellar ages and taking the uncertainty in the inferred age of the
Upper Sco association into account. The probability p is there-
fore a measure of our confidence that the age of τ Sco is indeed
younger than that of Upper Sco and also accounts for a certain
finite duration of star formation in Upper Sco through the age
uncertainty of Upper Sco inferred by Pecaut et al. (2012). All
error bars are 1σ uncertainties.
M05 SD06 NP14
Teff/K 31900
+500
−800 32000± 1000 32000± 300
log g/cm s−2 4.15+0.09−0.14 4.0± 0.1 4.30± 0.05
logL/L 4.39± 0.09 4.47± 0.13 4.33± 0.06
v sin i/km s−1 5 (adopted) ≤ 13 4± 1
M/M 16.0+0.8−0.6 16.8
+1.0
−1.1 16.0
+0.4
−0.4
Age/Myr 2.0+1.3−1.3 4.1
+1.1
−1.5 0.0
+0.6
−0.0
∆t/Myr 8.8+2.6−2.5 7.2
+2.6
−2.6 10.6
+2.2
−2.3
p(∆t > 0) > 99.9% 99.8% > 99.9%
the stellar parameters and determined masses, ages, age dif-
ferences to the age of Upper Sco and the probability that
τ Sco is younger than Upper Sco in Tab. 3. The apparent
age of τ Sco is in all cases significantly younger than that of
the Upper Sco association.
As in Sec. 3.1, we check whether the found age dis-
crepancy is consistent with the rejuvenation predicted in
our merger models (Fig. 5). To match the observed mass of
τ Sco, we consider mergers of 8.5+8.5, 10+7, 11+6, 12+5,
13 + 4 and 14 + 3 M binaries5. As in Fig. 4, the shaded
region indicates the age range of the comparison clock and
hence the real age of τ Sco (the age of the Upper Sco asso-
ciation) and the hatched areas the approximate 1σ regions
of the age differences for the three sets of stellar parameters
M05, SD06 and NP14.
All models can explain the observables given the stellar
parameters of SD06, i.e. the models predict a rejuvenation
larger than the lower bound of the hatched area. Strictly
speaking, the 13+4 M mergers predict a rejuvenation that
is not compatible with the observations within the 1σ un-
certainties. We therefore conclude that the minimum mass
ratio required to explain the SD06 observations is about 0.3.
In the case of the stellar parameters of NP14, none of
our models is able to explain the apparent age discrepancy.
An increase of at least 25% of the rejuvenation is needed to
explain the observed age discrepancy with the 8.5 + 8.5 M
merger. Given that the uncertainties of our predictions for
the rejuvenation of mergers of 10 M stars are of the order
of 5–10% (Tab. 2), it seems difficult to explain the apparent
5 The merger of a 9 + 8 M binary is not shown because the
predicted rejuvenation is nearly the same as that of the equal-
mass 8.5 + 8.5 M mergers.
MNRAS 000, 1–12 (2015)
Origin of magnetic fields in massive stars 9
4 6 8 10 12 14
t/Myr
0
2
4
6
8
10
12
14
∆
t/
M
y
r
t r
ea
l
SD06
NP14
M05
8.5+
8.5
M ¯
10+
7 M ¯
11 +
6 M ¯
12 +
5 M ¯
13 +4
M ¯
14 +3
M ¯
Figure 5. As Fig. 4 but for τ Sco. The merger models are for
8.5+8.5, 10+7 M, 11+6, 12+5, 13+4 and 14+3 M binaries.
The age of the Upper Sco association is given by the vertical
dashed line (Pecaut et al. 2012). The hatched areas denote the
approximate 1σ areas of the apparent age differences of τ Sco
with respect to the ages derived from the stellar parameters of
Mokiem et al. (2005, M05), Simo´n-Dı´az et al. (2006, SD06) and
Nieva & Przybilla (2014, NP14).
young age of τ Sco inferred from the stellar parameters of
NP14 with our models.
The set of stellar parameters of M05 suggests an age
difference that can be explained by the merger models of,
e.g., 8.5 + 8.5, 10 + 7 and 11 + 6 M binaries. Mergers of bi-
naries of the same total mass but smaller mass ratios predict
too little rejuvenation. From Fig. 5 we find that, in order to
explain the observed age difference, the 8.5+8.5 M merger
must occur at an age between 7.5 and 12.5 Myr, which trans-
lates into an orbital period range of 0.89–1.03 days. The
age intervals are approximately 7.8–10.8 and 8.2–9.5 Myr
and the corresponding orbital period ranges 1.00–1.14 and
1.07–1.24 days for the 10 + 7 and 11 + 6 M merger mod-
els, respectively. Given these orbital periods and primary
and secondary masses, all binaries indeed merge during the
MS evolution according to the models of Schneider et al.
(2015) because of contact phases caused by the nuclear ex-
pansion of the secondary stars. A consequence of the poten-
tial age ranges of the mergers is that all mergers would be
quite recent, i.e. they would have had to happen less than
1–2 Myr ago. Nieva & Przybilla (2014) note that the spin-
down timescale of τ Sco because of magnetic braking ex-
ceeds their inferred young age (younger than 2 Myr), posing
a problem for our understanding of the slow rotation of this
star. Also our merger models face the same issue, suggesting
more efficient spin-down in the past.
In conclusion, it is plausible to explain the age differ-
ences inferred from the stellar parameters of M05 and SD06
with our merger models of close binaries (orbital periods of
about 1 day) and mass ratios larger than 0.3–0.5. At the
same time it seems difficult to explain the large age differ-
ence derived from the stellar parameters of NP14.
4 DISCUSSION
Unambiguous and a larger number of candidates are re-
quired to fully establish the link between strong magnetic
fields and mergers. As shown in this paper, looking for age
discrepancies is a promising way to identify rejuvenated bi-
nary products among magnetic stars. The best candidates
are those magnetic stars for which there is a robust compari-
son clock. The comparison clocks can be coeval star clusters
and binary and higher-order multiple systems. Promising
targets are the SB2 binary V1046 Ori (HD 37017) located
in the NGC 1977 star cluster and θ1 Ori C in the Trapez-
ium cluster (having one binary companion and other cluster
members as comparison clocks) and the triple star ζ Ori
(HD 37742) having two gravitationally bound comparison
clocks. Further observations and careful modelling are re-
quired to determine the ages of these stars and their com-
parison clocks with high confidence.
4.1 Thermal timescale processes
Stellar mergers and common-envelope phases are dynam-
ical and violent phenomena, and the differential rotation
they induce is thought to be the key ingredient to gener-
ate strong magnetic fields (Tout et al. 2008; Ferrario et al.
2009; Wickramasinghe et al. 2014). Also mass transfer by
Roche-lobe overflow (RLOF) leads to differential rotation
but seems not to be related to strong magnetic fields. Some
Be stars are expected to be formed from RLOF in binaries
and may be ejected into the field by the supernova explo-
sion of the former donor star (e.g. Pols et al. 1991; Tauris
& van den Heuvel 2006). None of the observed Be stars is
found to be magnetic (e.g. Wade et al. 2014). Another ex-
ample is θ Car, a single-lined spectroscopic binary with an
orbital period of about 2.2 days in the open cluster IC 2602.
The visible component is a nitrogen-enriched B star rotat-
ing with a projected rotational velocity of about 110 km s−1
that likely accreted mass during a past RLOF phase giving
rise to its blue straggler appearance (Hubrig et al. 2008a).
No magnetic field has been detected in this post-RLOF sys-
tem (Borra & Landstreet 1979; Hubrig et al. 2008a). Also
mass accretion during star formation may act on a simi-
lar timescale to that of RLOF but clearly not all stars have
strong surface magnetic fields. Roche-lobe overflow and mass
accretion during star formation proceed at most on a ther-
mal timescale and it therefore seems that processes acting
on near-dynamical timescales such as mergers and common-
envelope phases are required to generate long-lived, strong
surface magnetic fields (Langer 2014).
A star potentially contradicting this is Plaskett’s star,
HD 47129. Plaskett’s star is currently thought to be a mas-
sive (Mtot sin i = 92.7 ± 2.7 M) O star binary with an
orbital period of 14.4 days and a mass ratio of M2/M1 =
1.05 ± 0.05 (Linder et al. 2008). The rapidly rotating sec-
ondary star is thought to be magnetic (Grunhut et al. 2013)
and it has been suggested that it gained its fast rotation in
a past-RLOF phase (Bagnuolo, Gies & Wiggs 1992; Linder
et al. 2008; Grunhut et al. 2013). However, Plaskett’s star
is currently being re-investigated and its inferred properties
are expected to change significantly (J. Grunhut, private
communication). For the time being, we are therefore left
with a puzzling situation that requires further attention to
reveal the true nature of this interesting binary.
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4.2 Observational consequences of the merger
hypothesis for the origin of magnetic stars
The merger model for the origin of strong, large-scale mag-
netic fields in massive stars makes clear and testable pre-
dictions beyond the rejuvenation discussed in the previous
sections. Requiring mergers to produce magnetic stars im-
plies that there should be no magnetic star in close binaries.
To be more precise, there may be rare channels to form
short-period binaries with one or two magnetic stars (e.g.
from capturing magnetic stars during the star formation
process or later in cluster like environments) but the in-
cidence of magnetic stars in close binaries is predicted to be
significantly lower than in apparently single stars or wide
binaries. Wide binaries such as the potential binary system
HR 2949 discussed in Sec. 3.1 could have been born as triple
stars where the inner binary merged. Searches for magnetic
OBA stars in binaries indeed show that there is a signifi-
cant dearth of magnetic stars in close binaries (Carrier et al.
2002; Alecian et al. 2015; Neiner et al. 2015), supporting the
merger hypothesis.
Binary population synthesis simulations predict that
the rate of MS mergers increases with mass (e.g. de Mink
et al. 2014; Schneider et al. 2015). In their standard model,
de Mink et al. (2014) find a merger fraction of 8% in a pop-
ulation of stars more luminous than 104 L (roughly cor-
responding to OB stars) and 12% in stars more luminous
than 105 L (O stars). However, given that the present-day
population of magnetic massive stars would be a mixture of
pre-MS and MS mergers, the overall trend of the incidence of
magnetic MS stars with mass is not readily obvious. It may
be expected that the incidence of magnetic stars is greater
in MS than in pre-MS stars if magnetic fields observed in
the pre-MS phase prevail into the MS and if they do not
disappear from the surface of stars, e.g. by decaying.
The fraction of MS merger products is expected to be
highest in a population of massive blue straggler stars. In
the models of Schneider et al. (2015) MS mergers make up
about 30% of the blue straggler star population in young
(less than about 100 Myr), coeval stellar populations (this
does not include blue stragglers formed by dynamical in-
teractions/collisions in dense clusters). So, if MS mergers
indeed contribute to the magnetic massive star population,
we expect a higher magnetic field incidence in massive blue
straggler stars.
Surface nitrogen enrichment may be achieved by vari-
ous mechanisms, for example by rotationally and magneti-
cally induced mixing, but it is also a prediction of the sug-
gested merger channel. Glebbeek et al. (2013) find that the
surfaces of merger products of binaries more massive than
about 5–10 M show significant nitrogen enrichment. Fur-
thermore they find that the surface nitrogen enrichment is
stronger in more massive and more evolved binary merger
progenitors. Pre-MS stars are not hot and dense enough in
their cores to activate the CN(O) cycle and pre-MS mergers
therefore cannot have nitrogen-enriched surfaces. Hence, if
mixing processes other than merger mixing are negligible,
the ratio of nitrogen-enriched to nitrogen-normal magnetic
stars may be used to gain insights into the fraction of MS
mergers among magnetic stars. In that regard it is inter-
esting to note that Morel et al. (2006) and Morel, Hubrig
& Briquet (2008) find a correlation between slow rotation,
surface nitrogen enrichment and magnetic stars (but see also
Aerts et al. (2014) who find that magnetic fields have no
predictive power for surface nitrogen enrichment in Galactic
massive stars). Magnetic fields and/or stellar mergers may
therefore help to explain the slowly rotating, nitrogen rich
stars in the Hunter diagram of LMC B stars that are defying
the predictions of state-of-the-art, rotating single-star mod-
els (Hunter et al. 2008b; Brott et al. 2011b; Langer 2012).
First steps into this direction have been taken by Meynet,
Eggenberger & Maeder (2011) and Potter, Chitre & Tout
(2012), who suggest that magnetic braking and the associ-
ated mixing may contribute to the group of slowly rotating,
nitrogen-enriched stars.
Mergers are expected to eject mass because of the huge
surplus of angular momentum. Glebbeek et al. (2013) find
that, depending on the mass ratio of the merging binary,
about 2–9% of the total mass is ejected. In mergers of mas-
sive stars this may produce ejecta of a few solar masses,
implying that some magnetic stars should be surrounded
by massive nebulae6. As suggested by Langer (2012), the
nitrogen-enriched (5 times solar), young (3000 yr), massive
(2 M), expanding (350 km s−1), bipolar nebula RCW 107
surrounding the magnetic O6.5f?p star HD 148937 (Lei-
therer & Chavarria-K. 1987) may well be the ejecta of a
merger. Also the B[e] supergiant in the wide binary system
R4 (Porb ≈ 21 yr) in the Small Magellanic Cloud is sug-
gested to be a merger product and is surrounded by a young
(1.2 × 104 yr), nitrogen-enriched, bipolar nebula expanding
with a velocity of about 100 km s−1 (Pasquali et al. 2000).
However the large distance to this star makes it hard to es-
tablish whether the star is magnetic. Furthermore some red
luminous novae, e.g. V4332 Sgr, V838 Mon and V1309 Sco,
may be stellar mergers (Martini et al. 1999; Munari et al.
2002; Tylenda et al. 2011). In particular the eruption of
V838 Mon may have involved rather massive B stars (e.g.
Munari et al. 2005; Tylenda, Soker & Szczerba 2005), mak-
ing this target a promising candidate for probing the idea of
magnetic-field generation in massive-star mergers.
5 CONCLUSIONS
Merging MS stars leads to rejuvenation because of mixing
of fresh fuel into the cores of merger products and shorter
lifetimes associated with more massive stars. We find that
the rejuvenation is of the order of the nuclear timescale
of stars, implying that merger products can look substan-
tially younger than they really are. Using the results of SPH
merger models of Glebbeek et al. (2013), we show that the
rejuvenation is the stronger the more evolved the progeni-
tors, the lower the masses of binaries and the larger the mass
ratios. Given our models, it is possible to identify MS merger
products by their rejuvenation and to put constraints on the
merger progenitor from the mass, the apparent age and the
real age of the merger product. The latter can be inferred
from comparison clocks such as a binary companions and
other coeval cluster members.
Merging of MS and pre-MS stars has been suggested
6 Ejected nebulae disperse and are therefore only visible for a
limited amount of time (probably less than about 105 yr).
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to lead to the strong, large-scale magnetic fields found in
about 10% of MS OBA and pre-MS Herbig Ae/Be stars (Fer-
rario et al. 2009; Langer 2012, 2014; Wickramasinghe et al.
2014). If this hypothesis is true, the magnetic stars origi-
nating from MS mergers should look significantly younger
than other coeval comparison stars. We find clear age dis-
crepancies in HR 2949 with respect to its potential binary
companion HR 2948 and in τ Sco with respect to the Up-
per Sco association. The inferred age discrepancies of both
magnetic stars, their masses and real ages are consistent with
our merger models, suggesting that these stars may indeed
be merger products that obtained their magnetic fields in
the merging process.
However, because of uncertainties regarding the coeval-
ity of HR 2948 and HR 2949, and published stellar parame-
ters for τ Sco, further rejuvenated magnetic stars need to be
identified to substantiate the hypothesis of merging for the
formation of magnetic stars. Finding MS merger candidates
by their young ages relies on robust comparison clocks and
we highlight a few magnetic stars for future investigations
for which good comparison clocks are available. Searching
for apparent age discrepancies in magnetic stars is therefore
a promising way to investigate the origin of strong, large-
scale magnetic fields in OBA stars and to understand the
evolution and final fates of this intriguing class of stars.
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